Rice grain yield and quality are two major foci of rice breeding. In this study, Chinese regional rice test data provide us the unique opportunity to analyze the relationship between yield and quality in rice, because China has an unusually wide range of rice cultivars. We analyzed the relationships between grain yield, yield components, and grain quality of 300 rice germplasms. Japonica was superior in both yield and quality compared with indica. A high setting rate improved the head rice ratio. A higher 1000 grain weight was negatively correlated with quality characteristics but had a positive correlation with yield. A high spikelet density (number of grains per centimeter on the panicle) not only benefits the yield but also the head rice ratio and chalkiness traits. According to our results, global rice production can be increased to at least 8500 kg/ha to meet projected demands in 2025 without sacrificing grain quality.
Introduction
Rice is the world's most important staple food crop and is a primary food source for about half the world's population. With continuing population growth and increasing competition for arable land between food and energy crops, food security is becoming a serious global problem. National and international rice breeding programs are emphasizing the improvement of crop productivity by selecting for grain yield components (Huang et al. 2009 ). Rice yields were greatly enhanced by the development of semi-dwarf cultivars in the 1960s (Peng et al. 1999) . The exploitation of heterosis in hybrid rice boosted rice yields to even higher levels beginning in the 1970s (Virmani et al. 1982 , Yuan 1998 . The concept of an ideal plant type was subsequently proposed. In recent decades, the improvement of rice productivity by selection for superior yield components and ideal plant architecture has become an important focus of rice breeding research (Khush 1999 , Peng et al. 2008 .
In recent years, more and more scientists and breeders have focused on improving the quality of rice for different purposes and markets (Chen et al. 2012) . Four main traits have been used to evaluate the quality of rice: milling properties, appearance, nutritional value, and cooking quality (Yu et al. 2008) . Both the molecular genetic background and environment significantly affect the quality of rice (Adu-Kwarteng et al. 2003 , Cameron and Wang 2005 , Hakata et al. 2012 , Kang et al. 2006 , Li 2014 , Lyman et al. 2013 .
However, few studies have been conducted to clarify the relationship between the yield and quality of rice. Moreover, it is difficult to design an experiment that can include a large range of rice cultivars in different cultivation locations. The latter is important since rice is commercially planted in a wide range of latitudes. In this study, Chinese regional rice test data present a unique opportunity to analyze the relationship between yield and quality because China has an unusually wide range of ecological zones and regional differences in grain type preferences. We investigated a wide range of improved indica and japonica germplasms grown in regions for two years, and we conducted a comparative relationship analysis between yield and quality among these gemplasms. Moreover, the improved germplasms that were used in this study also indicated the breeding trends in recent decades.
Materials and Methods
Over 300 germplasms that have been improved by breeders and scientists in recent decades were used in this study. As
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China has an unusually wide cultivation region, both indica and japonica are widely cultivated. Japonica is mainly distributed in the middle and high latitude areas, while indica is usually cultivated in the low latitude areas. The japonica group, JN (japonica in northern area), is mainly distributed between latitudes 37°N and 45°N, while the JH (japonica in the Huanghuai area) group is located between 29°N and 37°N. The indica groups IU (indica in upstream regions of the Yangzi River) and IMD (indica in midstream and downstream regions of the Yangzi River) shared the latitudes between 22°N and 37°N, but IU was distributed in upstream regions of the Yangzi River, while IMD was distributed in downstream regions of the Yangzi River. Because there were two growth seasons in some regions of the low latitude area, we also established the IE (indica early) and IL (indica late) groups for the early and late growth season germplasms, respectively. The number of research locations and number of test lines for each group are listed in Table 1 , and the research locations are shown in Fig. 1 . The test lines were evaluated in a randomized complete block design with at least three replications and each block was ~13-14 m 2 . Seeds were sown in a seedling nursery and transplanted into the block. The planting densities and fertilizer protocols were based on local conventional methods.
Rough rice samples for quality evaluation were obtained from the center of each block at the maturing stage. After counting the number of panicles, they were hand threshed and put into water. The filled grains that sank were separated from the floating unfilled grains. The number of grains per panicle, 1000 grain weight, and setting rate were calculated. After drying, the rough rice from each block was dehulled and the percent hulled was determined. Brown rice samples from each block were milled and the yield of head rice was calculated. The grains with chalkiness were counted, and the percentage of chalky grains was calculated as the chalkiness rate (CR). For chalkiness area (CA), 30 grains with chalkiness were randomly selected, and the ratio of the CA to the whole kernel square was evaluated by visual assessment. The spikelet density was calculated as the average number of seeds per centimeter on a panicle. Each data set was collected by three replications over 2 years, and the average value was used in comparative analysis. Correlation analysis and Student's test were performed using Excel 2013 (Microsoft, USA), and Duncan's new multiple range method was used for statistical analysis between groups using DPS 7.05 (Data Processing System) software (China).
Results
Varietal differences in grain yield and yield components
The grain yields of the six groups were ranked as follows: JN > JH > IU > IMD > IL > IE, with only a slight difference between the 2 years ( Table 2) . No significant differences among yield components or quality traits were observed between the two test years (data not show), so the average of the data from the 2 years was used in the following analyses. There was no significant difference in the yields between JN, JH, IU, and IMD, but the yields of these four groups were significantly higher than those of IL and IE. The increase in grain yield in JN and JH mainly resulted from an increase in the number of panicles and a higher setting rate. Although IU and IMD had fewer panicles than the other four groups, an increase in the 1000 grain weight resulted in higher yields from IU and IMD than from IL and IE. The low yields of IL and IE were due to decreases in the number of grains per panicle and 1000 grain weights.
To elucidate which yield components had the most effect on grain yield, a correlation analysis was conducted. We first analyzed the six groups combined, and the effect of each yield component was ranked as follows: number of grains per panicle > setting rate > 1000 grain weight > number of panicles. However, different results were observed within each group. The yields of JH, JN, IMD, and IL were mainly determined by the number of panicles, while the setting rate was the main factor affecting the yields of IU and IE ( Table 3) . Varietal differences in quality traits There were significant differences in quality traits between the six groups ( Table 4 ). The two japonica groups showed an increase in the brown rice and head rice ratios, and a decrease in CA and CR. Between the two japonica groups, JH showed slightly greater brown rice and head rice ratios compared with JN, along with higher CR and CA values. Among the four indica groups, IE had a low head rice ratio, and IE had the highest CR value. The CR of IL was higher than that of IMD, but the CA of IL was lower than that of IMD, although the difference was not significant.
The relationship between grain yield and quality
Grain yield and grain quality are two major foci of rice breeding. We first investigated the relationship between grain yield and quality in all of the groups combined ( Table 5 ). The results showed that grain yield had a significant positive correlation with the brown rice and head rice ratios, and a significant negative correlation with CR and CA. We subsequently analyzed the correlations of different yield components with grain quality ( Table 5 ). The number of panicles had a significant positive correlation with the brown rice and head rice ratios, and a significant negative correlation with CR and CA. The number of grains per panicle had a significant negative correlation with brown rice ratio, and setting rate had a significant positive correlation with the brown rice and head rice ratios. The 1000 grain weight had a significant negative correlation with the brown rice and head rice ratios, and there was a significant positive correlation between CR and CA.
To clarify the differences within each group, subsequent group analyses were conducted ( Table 5) . The yield had a significant positive correlation with the head rice ratio in the Letter difference means significant at 5% probability levels by Duncan's new multiple range method. Letter difference means significant at 5% probability levels by Duncan's new multiple range method. JN and IMD groups, and a significant positive correlation with the brown rice ratio in IE. The coefficient between yield and chalkiness was not significant in any group. The number of grains per panicle had a positive correlation with the head rice ratio in all of the groups except in JN. The number of grains per panicle had a negative correlation with the brown rice ratio in both japonica groups and in the IE group, but the correlation was positive in the other indica groups. The number of grains had a positive correlation with CA and CR in both japonica groups, but the correlation was negative in all four indica groups. The number of panicles significantly affects the milling and appearance qualities in JH and IU, but only slightly affects the milling and appearance qualities in the other groups. The 1000 grain weight had a positive correlation with the head rice ratio in both two japonica groups, but the correlation was negative in all four indica groups. The setting rate had a positive correlation with the brown rice ratio in the JN and JH groups, but the correlation was negative in all four indica groups. The setting rate also had a positive correlation with the head rice ratio in all six groups.
The relationships of grain aspect ratio (shape) with yield and quality
The grain aspect ratios of the four indica groups were significantly higher than those of the two japonica groups ( Table 6) . No difference was observed between the two japonica groups, and the grain aspect ratios of the four indica groups also showed little change. In all of the groups combined, the grain aspect ratio had a significant negative correlation with the yield, number of panicles, and setting rate, and a significant positive correlation with the number of grains per panicle and the 1000 grain weight. The aspect ratio also affects quality traits, showing significant negative correlations with the brown rice and head rice ratios.
Within-group analyses revealed that the grain aspect ratio had a significant negative correlation with yield in IE, but a significant positive correlation with yield in IL. The grain aspect ratio had a significant negative correlation with the number of panicles in JH, but a significant positive correlation with the number of panicles in IL. The grain aspect ratio barely affected the setting rates and 1000 grain weights in all of the groups ( Table 6 ).
The aspect ratio had a significant correlation with CR in each group, but the correlation was not significant when the groups were combined. However, the aspect ratio had a significant correlation with the milling quality when the groups were combined, but it was not significant in the individual groups (Fig. 2) .
The relationships of spikelet density with yield and quality
JH showed a significantly higher spikelet density compared with JN, and both JN and JH had a significantly higher Fig. 2 . The relationships between the aspect ratios and chalkiness rates (CRs) (A), and the relationships between the aspect ratios and head rice ratios (B) for the six rice groups. spikelet density than the four indica groups ( Table 7) . Although the spikelet density had a significant positive correlation with yield when the groups were combined, diversity was observed inside each group and the correlation coefficient was not significant in any group. The spikelet density had a negative correlation with setting rate and a positive correlation with the number of grains per panicle in all of the groups. When all of the groups were combined, the spikelet density had a significant positive correlation with the brown rice and head rice ratios. The within-group analyses revealed that the spikelet density of JN had a significant negative cor relation with the brown rice and head rice ratios. Contrary to JN, a significant positive correlation of spikelet density with the brown rice and head rice ratios was found in the IE group. The spikelet densities in all of the indica groups showed negative correlations with CR and CA, but the reverse results were obtained in both japonica groups.
Discussion
The relationship between yield and quality While soybean and maize quality is directly related to fat and protein, the grain quality of rice is mainly determined by the starch type and contents (Williams et al. 1958) , suggesting that it is easier to mediate the relationship between grain yield and grain quality in rice than in soybean and maize. Among the yield components, the 1000 grain weight had a positive correlation with the appearance quality in all of the rice groups and a negative correlation with the head rice ratio in the four indica groups. Because the head rice ratio is an important factor in the market price, which values complete grains more highly than broken grains, a greater 1000 grain weight was not an ideal selective indicator for both yield and quality, especially for indica. Consequently, the 1000 grain weight may be a main factor behind the difficulty in balancing grain yield and quality. However, the number of grains per panicle had a positive correlation to the head rice ratio and a negative correlation to CA and CR in all of the rice groups, which indicates that enhancing the number of grains per panicle is a feasible strategy for improving rice yield and quality in both indica and japonica. No significant correlation was found between yield and the appearance qualities in any of the six groups, indicating that there was no serious conflict between increasing the grain yield and maintaining the grain appearance quality. A negative correlation between yield and milling quality was only observed in the IL and IU groups. In this study, the average yield of the Chinese regional rice tests reached 8576 kg/ha, and the increase in the yield did not negatively affect the milling or appearance qualities. Global rice production must reach 8500 kg/ha by 2025 to meet the projected demand (Peng et al. 1999) , and, according to our results, the grain yield can reach this goal without sacrificing grain quality.
The differences in quality traits between indica and japonica
According to a 2004 study , the brown rice ratios of japonica and indica in China were 83.6% and 80.5%, respectively, while the head rice ratios of japonica and indica were 67.8% and 49.4%, respectively. Additionally, the CRs of japonica and indica were 38.0% and 50.3%, respectively. In this study, the brown rice ratio of japonica (83.88%) was 2.55% higher than that of indica (81.33%), and the head rice ratio of japonica (67.60%) was 12.06% higher than that of indica (55.54%). The CR of japonica (32.04%) was 13.5% lower than that of indica (45.09%). Although the milling and appearance qualities of indica have been dramatically improved by recent breeding projects, the gap between indica and japonica was still obvious.
This study was conducted throughout the rice cultivation regions of China, and thus, the results may be affected by genetics and various ecological conditions. There were obvious differences in the milling and appearance qualities in inter-subspecies, but the differences in intra-subspecies were subtle. A previous study demonstrated that large differences are observed between japonica and indica in the midstream and downstream regions of the Yangtze River (Zhang et al. 2013) . Thus, we concluded that the gaps in the milling and appearance qualities between japonica and indica were mainly from differences in the subspecies' genetic backgrounds.
The relationships of spikelet density with yield and quality
Plant architecture is an important agronomic trait that affects both grain yield and quality. Culm-and leaf-related traits have been extensively researched, and panicle-related traits have become a recent research focus. High spikelet density, which is directly related to the number of grains per panicle, was considered to be a high yield characteristic.
Since the first north japonica erect panicle variety, LiaoJing 5, was released in the early 1980s, grain yield has significantly improved because the erect panicle enhanced the spikelet density. However, the poor setting rate and grain quality of LiaoJing 5 limited the further extension of the erect panicle variety. At present, the milling and appearance qualities of erect panicle varieties have been dramatically improved, and are even better than those of the curved panicle varieties . In this study, spikelet density had a significant positive correlation with grain yield in the combined rice groups; however, the correlation coefficient was not significant within any of the individual groups. The correlation coefficient between spikelet density and setting rate was not significant, except in JMD. These results suggest that the negative impact of high spikelet density on setting rate was successfully reduced in the improved germplasms. Moreover, the advantages of a high spikelet density variety in the number of grains per panicle, brown rice ratio, head rice ratio, and chalkiness traits have partly eliminated the disadvantages in the number of panicles and 1000 grain weight. Thus, we believe that a breeding strategy that enhances spikelet density is favorable, and having an erect panicle is an effective way to enhance the spikelet density.
The relationships of grain aspect ratio with yield and quality
The grain aspect ratio is a main difference between japonica and indica, and a high aspect ratio is positively correlated with appearance quality but negatively correlated with milling quality (Luo et al. 2004 . In this study, the aspect ratio had a significant negative correlation with the brown rice and head rice ratios, and correlations with CR and CA were not apparent when the groups were combined. However, within each group, the aspect ratio showed a significant or near-significant negative correlation with CR and CA, and the correlation coefficient was higher in indica than in japonica.
These results, which are shown in Fig. 2 , indicate that the relationships between the aspect ratio and chalkinessrelated traits were mainly controlled by genetic factors, and the relationship between the aspect ratio and milling quality was controlled by both genetic factors and environmental conditions. With the development of molecular genetic technologies, several grain shape-related genes have been identified, such as GS3, qSW5, and GW2 (Fan et al. 2006 , Shomura et al. 2008 , Song et al. 2007 . It would be interesting to investigate the effects of these genes under different ecological conditions. Moreover, using these genes to modulate the aspect ratio of indica and japonica may help breeders and scientists improve rice appearance and milling qualities.
